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Silica-IMERs

Abstract

Recent studies have demonstrated the applicability and versatility of immobilized
enzyme reactors (IMERs) for chemical and biochemical synthesis and analysis. The
majority of IMER systems rely on enzymes immobilized to packed matrices within flow-
through devices. This review focuses primarily on the use of silica as a support for
enzyme immobilization and specific applications of the resulting silica-based IMERs. A
number of recently published examples (2000 onwards) are discussed as model systems.
The effect of various silica matrices and immobilization techniques upon the enzymatic
properties and stability of the biocatalysts is considered. In addition, reports in which the
carrier matrix is biologically-derived silica are highlighted as an alternative and versatile

technique that provides advantageous recovery, reuse and reproducibility.

Keywords: Immobilized enzymes, Enzyme reactors, IMER, Biocatalysis, Drug

discovery, Biosilica.



Silica-IMERs
Introduction and Scope

Enzymes are versatile catalysts that mediate a diversity of metabolic and pharmacological
processes. Significant advancements in genetic engineering and protein purification methods
have resulted in a wealth of commercially available enzymes which are readily isolated from
growing culture. Although the diversity of available enzymes has expanded, issues related to
their integration and stability during chemical production and analysis still exist. In their native
state, enzymes are soluble in aqueous solutions and as such, are often susceptible to denaturation
once separated from their physiological environment. By their nature, enzymes are not consumed
during the reactions that they catalyze, but are difficult to reuse and recover as a soluble
component from a reaction mixture. This is a primary concern for enzymes which are expensive
to prepare and only available in very small amounts. Immobilization of enzymes is therefore
often used in an attempt to stabilize and prolong the activity and reusability of the catalyst.
Numerous methods for enzyme immobilization have been explored and offer a variety of
advantages depending upon the functional and biochemical properties of the enzyme, as well as
the final application.!**

The integration of immobilized enzymes into continuous flow-through systems provides
an added advantage to many applications, as the immobilized biocatalyst is stabilized and can be
recycled. The resulting immobilized enzyme reactors (IMERS) can also be integrated directly to
further analytical methods such as liquid chromatography or mass spectrometry.[el In fact, one of
the primary applications of many IMER systems is the digestion of proteins for automated
sequence analysis by integration with mass spectrometry. The use of IMERs for protein
digestion, however, has been reviewed extensively elsewhere and will not be covered herein.[*

A variety of matrices have been investigated over the years for enzyme immobilization or

encapsulation, but for focus, the emphasis within this review is limited to IMERS that utilize
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silica as a scaffold. The use of silica-based IMERS has received increasing attention since their
appearance in the early 1970’s and since then, the use and diversity of applications has grown
steadily (Figure 1). The last decade has seen a vast increase in this subject area; presumably due
to a parallel development of commercially available chromatographic support matrices that are
amenable to IMER development. IMERs now find application in scientific fields as diverse as
pharmacology, chemistry, materials science and chemical engineering (Figure 1, inset). With a
few exceptions that are included for reference, the work reviewed herein will be restricted to

studies reported since the year 2000.

Enzyme immobilization

Enzyme immobilization is generally achieved through covalent binding, ionic or
hydrophobic interactions, or physical entrapment. Covalent attachment is one of the most
commonly used methods for stabilizing enzyme activity as the enzyme molecule becomes fixed
in a manner that limits the conformational changes that can lead to enzyme denaturation.***%!
There are intrinsic problems, however, in that covalent attachment can lead to limitations and
variations in conformational mobility due to the orientation of the enzyme on the support during
immobilization. Immobilization mediated by ionic or hydrophobic interactions, by comparison,
is much less rigid but the adsorbed enzyme may leach from its support upon slight changes in the
reaction environment (e.g. pH, ionic strength or temperature). Overall, however, immobilization
using physical interactions provides an environment that greatly improves the catalytic properties
of the biocatalyst, particularly in non-physiological environments.**®! Sol-gel encapsulation has
also been widely studied for enzyme immobilization, but the primary drawbacks are poor loading

efficiency and enzyme leakage.™"*® The limitation has been resolved for some enzymes by
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fabrication of support matrices with pore sizes that are specifically tailored to allow substrate
flow but prevent enzyme leaching.!*"!

Biosilicification is the formation of nano-patterned siliceous structures in biological
systems and is mediated by proteins such as silaffins and silicateins, found in marine diatoms and
sponges, respectively.”?*?2 Using biological molecules as scaffold templates, biomimetic
silicification reactions have been shown to provide a simple and effective alternative for enzyme
encapsulation.'”*?* The biologically-derived silica particles physically entrap enzymes within
silica nanospheres directly as the silica particles form, providing an effective ‘cage’ that limits
enzyme denaturation and retains high enzyme activity. The application of biologically-derived

silica (biosilica) as a method for enzyme immobilization and preparation of IMERS using this

method will be discussed in more detail below.

Immobilized enzyme reactors

The packaging of immobilized enzymes within a flow-through system creates an IMER
that can be utilized as a microreactor (for chemical synthesis) or integrated into conventional
chromatography systems (for analyte detection).l”>?! IMERS can be exploited either before (pre-
column) or after (post-column) a chromatographic separation or can serve as a chromatographic
column in itself. Pre-column conversions would include pre-treatment of analytes such as chiral
separation or screening for enzyme inhibition. Location of an IMER before a chromatography
column via a switching valve allows the IMER to be separated from denaturing conditions
downstream (i.e. organic solvents or pH environments required for subsequent chromatographic
separations).l?”? post-column IMERSs are primarily designed to enhance detection of a product

or analyte.>*? As the diversity of support matrices escalates, the difficulty in defining optimum
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characteristics relevant to all applications becomes more difficult. The choice of support is
dependent upon the nature and mechanism of the enzyme, the properties of the support and the
final application and conditions of use of the resulting IMER. A review of pre and post-column
IMER formulations, support matrices and their relative advantages and disadvantages is provided
by Girelli et al.l**!

IMERs are useful for the analysis of biological systems only as long as the characteristics
of the biomolecule are retained. The ability to study enzyme kinetic characteristics using IMER
systems by calculation of Michaelis-Menten Kinetics has been demonstrated to confirm that the
immobilized enzyme is not significantly hindered by its orientation and binding.[®3*
Lineweaver-Burk plots of reaction rate vs. substrate concentration are readily achievable in flow-
through IMER systems from which the Michaelis constant (K,) and the maximum enzyme
velocity (Vmax) can be calculated and mechanisms of inhibition (competitive, noncompetitive
etc.) can be determined. Specific enzyme inhibition affinity can also be calculated in IMER
systems by measuring the 1Cs (the inhibitor concentration that results in a 50% reduction in
product conversion under saturating substrate conditions) or an inhibition constant (Kj)

calculated from the intersect of a Lineweaver-Burk plot.*>*

Silica as an enzyme-immobilization support

Various support matrices have been developed and are now commercially available for
enzyme immobilization. Of all available techniques, silica-based derivatized matrices,
monolithic chromatography supports and artificial membrane stationary phases are the most
commonly used. Using these techniques, the immobilization of enzymes to various stationary
phases has now been demonstrated for a wide variety of applications using a range of enzymes,

membrane proteins and receptor proteins.***"*! Silica-based stationary phases of the type used
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in liquid chromatography separation columns are commonly used as support matrices for enzyme
immobilization to produce IMERs. The primary advantage of the readily available commercial
supports is their reproducibility. The silica support, however, must be functionalized to allow for
covalent attachment of enzymes. An additional limitation of these columns is that the void
volume of packed silica columns may create diffusion and flow limitations. The recent
introduction of monolithic polymers as a stationary phase provides an alternative to overcome
those limitations.[****4>**! Monolithic separation media is essentially one single core which does
not contain voids between the packing materials. This results in improved mass transfer, as all of
the sample and mobile phase must flow through the entire stationary phase. Silica-based
monoliths provide an inherent advantage of having equally sized mesoporous structures and
large surface areas. The high-throughput of monoliths allow for high flow rates with low back
pressures; which enables further coupling to analytical detection systems. Selection of silica
monoliths, however, is often a trade off between macroporous structures that permit high flow
rates and low back pressures but with significant leaching of protein (due to large pore sizes >50
nm), compared to mesoporous structures with pore diameters more suited to protein retention (3-
5 nm) but a concurrent increase in high back pressures even at low flow rates. Besanger et al.,
for example, reported a mesoporous silica monolith that generates a back pressure of >3500 psi
at flow rates of less than 1 ul/min, which excludes further integration with pressure-driven liquid
chromatography. The authors attempted to address the limitation using sol-gel synthesis; using
glyceroxysilanes to create mesoporous materials that combines high protein retention of .-
glutamyl transpeptidase (loading efficiency >80%) with enhanced flow characteristics. One
limitation of this approach was long preparation times of several days, due to multiple aging
steps. Variations in fabrication pH and polyethylene glycol concentrations were optimized to

minimize shrinkage of the monoliths during preparation and to prevent flow-channeling as a
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result of the column pulling away from the capillary surface. Flow rates were low in the final
system, with optimal rates less than 1 ul/min. The apparent catalytic activity of the immobilized
enzyme, however, was comparable to soluble enzyme for the conversion of L-glutamic acid p-
nitroanilide to p-nitroaniline.™ The sol-gel method can be used to produce an aggregate of
spherical particles that occurs due to phase separation during sol-gel transition, resulting in a
coarse porous matrix with good flow characteristics when packed into a flow-through column.
The particles formed using these techniques are of the order of several microns in diameter with
interparticle gaps of the same size order that allow the efficient flow of substrate through the
column. Sol-gel entrapment of protease, for example, has been demonstrated in an IMER for
transesterification reactions.!*?

An alternative area of IMER development is the use of immobilized artificial membrane
(IAM) stationary phases that consist of a monolayer of phospholipid covalently immobilized on
an inert silica support, in which enzymes are entrapped in an environment that resembles a
biological membrane. IAM stationary phases are particularly useful for studying trans-membrane
receptors and drug transport across membranes and for non-covalent immobilization of
membrane-associated proteins. A wealth of reports on the use of IAM stationary phases to study
drug interactions, particularly across the blood-brain barrier, are documented but not described

further herein due to the depth of the subject area.[**"]

Biosilica for IMER preparation
Biomimetic silicification reactions provide a rapid and simple alternative method for
enzyme immobilization that result in the physical entrapment of enzymes within silica

nanospheres as they are formed (Figure 2). The reaction mixture consists of a silica-precipitating
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peptide and a silicate precursor (tetramethylorthosilicate) that rapidly (<2 minutes) form silica
nanoparticles in aqueous buffered solution. A matrix of spherical silica particles (typically
~500nm in diameter) is formed and provides effective encapsulation of a range of enzymes
including esterases, hydrolases, peroxidases and reductases.!?***°**! The silica particles can be
further integrated into flow-through systems by either: i) preparing the silica particles in batch
mode and then packing them into a column or by ii) preparing the silica particles within a
commercially available pre-packed column, in situ, by anchoring them to the column matrix.
Both alternatives provide viable methods for fabricating IMERS and examples of each are
included within this review. To achieve biosilica formation (and enzyme encapsulation) in situ,
the silica-precipitating peptide is functionalized with a histidine-rich tail (his-tag), allowing for
its retention within a commercial pre-packed column by metal affinity binding between the “his-
tag’ and a metal coating (cobalt) upon the agarose packing material. The peptide forms silica in
situ and simultaneously encapsulates enzymes directly at the surface of the agarose and hence
within the packed column (Figure 2). To our knowledge, the use of biologically-derived silica
matrices (biosilica) as a support matrix for development of IMERS is unique and will be

described in more detail throughout this review to highlight the validity of the approach.

IMERSs for drug discovery

Many basic biological signaling responses rely upon specific interactions between
biomolecules and a respective, and often highly specific, ligand. As such, pharmaceutical
research is often directed towards the elucidation of these mechanisms and their regulation or
modulation by drug interactions.’® Although enzyme activation has a therapeutic role, the mode
of action of many commercially available drugs is enzyme inhibition. Pharmacological inhibition

of cyclooxygenase, for example, can provide relief from the symptoms of inflammation and pain
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and is the mode of action of drugs such as aspirin and ibuprofen.’®™ Serotonin reuptake inhibitors
and monoamine oxidase inhibitors can function as antidepressants, due to their ability to prevent
the breakdown of neurotransmitters.[>®4 Screening of therapeutic enzyme inhibitors is often
directed towards achieving high specificity and increased potency in order to reduce unspecific
interactions (i.e. side effects) and lower toxicity. Examples of IMERs with application to drug

discovery and metabolic screening are highlighted in the following sections.

Analysis of cholinesterase inhibition

The pharmacology of cholinesterase enzymes is an area of increasing interest as
inhibitors of cholinesterases have therapeutic value for treatment of neurogenerative diseases
such as dementia and Down’s syndrome.[®>*"! In addition, cholinesterase inhibitors are the only
currently FDA approved treatment for Alzheimer’s disease.®"® Cholinesterases such as
acetylcholinesterase (AChE) and butyrylcholinesterase (BUChE) catalyze the hydrolysis of
acetylcholine; a neurotransmitter in the central nervous system. Cholinesterase inhibitors bind to
the enzyme and prevent the enzymatic breakdown of acetylcholine. Acetylcholine accumulates
as a result, overwhelming the central nervous system and leading to ataxia (failure of muscle
coordination and movements), seizures and ultimately death. In addition, the toxicity of
cholinesterase inhibitors, particularly irreversible inhibitors, has led to their use as nerve agents
in warfare [’

A range of IMER preparation methods have been investigated for immobilization of
cholinesterase enzymes in order to screen for enzyme inhibitors (Table 1). A comparison of

silica-packed columns and monolithic columns for IMER preparation was recently reported by

Bartolini et al.!”® Two modified monoliths (with epoxy or ethylenediamino reactive groups)

10
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were prepared and compared to a silica-packed column for the immobilization of AChE and
kinetic characteristics of the columns were determined at a range of flow rates. The monolithic
columns demonstrated specific advantages; good stability, enzyme loading is performed in situ
and conditioning times are short. The loading capacity of the columns were low (~3%), however,
compared to silica-packed columns (~29%). The silica-packed column also required a shorter
preparation time and at a fraction of the cost. AChE immobilization was also achieved by in situ
derivatization of epoxide silica that resulted in covalent linkages between the enzyme and the
epoxide groups and provided stability to the immobilized enzyme. The loading capacity of the
column was high (Table 1) but analysis times were reduced due to a requirement for low flow
rates." By comparison, immobilization of BUChE in biosilica nanoparticles was complete in
less than 1 hour with an immobilization efficiency of 100% and a high loading capacity for
enzyme (Table 1).[35] Biosilica-IMERs containing immobilized BuChE were used for screening
the drug potency of cholinesterase inhibitors (Figure 3) and were stable for over 2 days of
continuous use at flow rates of up to 3 ml/min.

In an alternative system, AChE was immobilized to silica gel by covalent binding and
used to monitor the hydrolysis of acetylcholine and concurrent inhibition by carbamate pesticides
(Table 1). The system was reusable, but only a few times and as such was designed as a
disposable sensor for pesticides. AChE hydrolyses acetylcholine to release choline and acetic
acid. The acid undergoes spontaneous dissociation and releases hydrogen ions which can be
detected potentiometrically (change in pH due to increase of hydrogen ions) or
conductimetrically (change in conductivity due to increase in ion concentration). Both detection
systems in conjunction with the AChE-IMER provided detection limits of less than 1 ppm and

within range for detection of carbamates at environmentally relevant levels.[”™
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The interest in cholinesterase enzymes and their reaction metabolites is exemplified by
the availability of a commercial polymeric bioreactor available from Bioanalytical Systems Inc.
(BASI, West Lafayette, IN) for analysis of acetylcholine and choline. Dong et al., reported a
modification to the commercially available product, by the addition of horseradish peroxidase in
a post-column IMER that improved sensitivity of detection by 200-fold. Horseradish peroxidase
was immobilized to amine-functionalized silica beads and packed into a column and used to
monitor the formation of hydrogen peroxide as a measure of acetylcholine concentration in
mammalian lysates. The IMER column was stable for up to 8 months with no loss in activity,

providing that a biocide was added to prevent the growth of contaminating biofilms.["®

Drug metabolism by glucuronidation

Glucuronidation plays a significant role in the pharmacology of many drugs and as such,
the determination of non-conjugated and conjugated drug metabolites is a useful tool. The
reaction primarily converts toxins and certain drugs to a more water soluble metabolite that can
be readily excreted from the body by the kidneys. Uridine diphospho-glucuronosyltransferase
(UDPGT), for example, is involved in metabolic detoxification in vertebrates through
glucuronidation reactions that facilitate the transport of lipophilic compounds to excretory
organs. Non-solubilized UDPGT from rat liver microsomes was covalently immobilized to a
functionalized silica support by Schiff base chemistry and a number of reaction variables (i.e.
sonication treatments and buffer selection) were investigated during immobilization to determine
an optimum configuration.m] A high loading capacity for protein (~40 mg protein g™ silica) was
a trade off with a reduction in specific activity that was attributed to destruction of lipids
associated with the enzyme during preparation. IMER preparation times of up to 3 days may also

contribute to a loss in specific activity. The resulting UDPGT-IMERS, however, was reusable

12



Silica-IMERs

over a period of 45 days with up to 75% activity retained, depending upon the IMER
configuration. The IMER was coupled (pre-column) to a C;g and anion-exchange column in
order to separate substrate from product downstream and used for the on-line glucuronidation of
4-methylumbelliferone and acetaminophen.!’” Immobilization of rat liver microsomes
containing UDPGT using silica sol-gel technology to create an IMER for capillary
electrochromatography has also been reported and used for the on-line analysis of the
metabolism of p-nitrophenol and testosterone.l’® Similarly, B-glucuronidase was immobilized to
a monolithic silica based column and used to evaluate the conversion of the cough suppressant
dextromethorphan to two metabolites; dextrorphan and 3-hydroxymorphinan. The products are
formed by cytochrome P-450 enzymes and undergo glucuronidation reactions in vivo. As such,
the presence of these metabolites in urine is used to assess the metabolic activity of specific
cytochrome P-450 enzymes. The resulting silica-based monolithic IMER of B-glucuronidase
provides on-line hydrolysis of the conjugates for rapid analysis of metabolite concentrations in

human urine samples.!™

Determination of catecholamines

Catecholamines such as norepinephrine, epinephrine and dopamine are an important
group of chemical compounds that act as neurotransmitters in the central nervous system (Figure
4).®% The work of Markoglou and Wainer has demonstrated the application of IMER systems
for the analysis of catecholamines in order to understand the physiological interaction with
various adrenergic receptor proteins.®®®! Dopamine B-hydroxylase (DBH) and
phenylethanolamine N-methyltransferase (PNMT) are essential enzymes involved in the

metabolism of catecholamines in vivo. These enzymes are essential to nervous signaling and
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implicated in neurological disorders such as Schizophrenia and Parkinson’s disease.®! Drug
discovery for targets that can alter the function of these enzymes are therefore a key focus. The
immobilization of PNMT and DBH to glutaraldehyde-functionalized silica gel was optimized in
batch systems (~2.5 mg protein g™ support) and packed into columns.®®3! Immobilization of
PNMT had some deleterious effects upon enzyme activity but the system was stable at elevated
temperatures (up to 60°C) and proved effective at screening the binding characteristics of known
inhibitors. An IMER based on immobilized PNMT, for example, was used to demonstrate the N-
methylation of normetanephrine (Figure 4, R = OCHs).®™ In addition, the PNMT-IMER was
coupled with a second DBH-IMER for two-step synthesis of L-epinephrine from dopamine, with
product recoveries of ~95% (Figure 4). The technology was extended to incorporate two
different forms of DBH (soluble and membrane-bound) by utilizing two differing methods of
IMER preparation; an immobilized artificial membrane for the membrane-bound protein and

glutaraldehyde-functionalized silica for the soluble protein.®!

Screening for prodrug activation

Berne et al. describe an IMER containing a bacterial nitrobenzene nitroreductase enzyme
that catalyzes the conversion of a nitro group to hydroxylamine resulting in a large electronic
change which can be exploited for a variety of biotechnological applications; primarily the
activation of prodrugs and proantibiotics for cancer treatments or antibiotic therapy,
respectively.’® Nitrobenzene nitroreductase was immobilized (>80% immobilization efficiency)
in a silica matrix formed by polyethyleneimine (PEI) that catalyzes the formation of a matrix of
interconnected silica particles of ~1 um diameter. PEI has been extensively used for stabilizing

enzymes by generating hydrophilic microenvironments that protect the enzyme from
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denaturation and the use of PEI as a scaffold for silica formation therefore provides a synergism
between the stabilizing effect of PEI and the encapsulation stability of silica nanoparticles. The
resulting silica-encapsulated nitroreductase was contained in a stainless steel column to create an
IMER for conversion of nitrobenzene, a prodrug (CB1954), and a proantibiotic (nitrofurazone).
The IMER showed excellent activity and stability for the screening of prodrugs in non-aqueous
solvents such as methanol and acetonitrile. IMER functioning in a non-aqueous system is a
primary advantage, due to the relative insolubility of many prodrugs in aqueous solutions. Flow
rates within the system were low (1-5 uL/min) but no enzyme leaching or back-pressure
problems were reported and stoichiometric conversion of all test substrates was observed, with a
concurrent decrease in conversion efficiency with increased flow rates as expected. The system
was operated for more than 3 days at room temperature with a flow rate of 5 uL/min for

continuous conversion of nitrobenzene with >90% conversion efficiency (Figure 5).

Screening inhibitors of glyceraldehyde-3-phopshate dehydrogenase

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a target for developing drugs
for the treatment of parasitic diseases such as sleeping sickness, due to its role in controlling
ATP production in pathogenic parasites.®® GAPDH, however, has low stability and loses up to
half of its activity within a day. GADPH isolated from rabbit was covalently immobilized to a
wide-pore silica support by glutaraldehyde activation and Schiff-base chemistry.®® The loading
capacity was 150 ug of enzyme to 100 mg stationary phase with ~95% loading efficiency, but
less than 3% of the initial enzyme activity was retained. The low retention of activity was
attributed to the instability of the enzyme in aqueous solutions and the significant time delay (6

hours at optimum) for binding to occur. The resulting particles, however, were packed into a
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glass column to make a GAPDH-IMER which was stable for 30 days; a significant improvement
upon the native enzyme. The IMER was utilized for kinetic measurements of enzyme activities
and enzyme inhibition was evaluated with the toxin, agaric acid, to demonstrate that the IMER

could be used for screening GAPDH inhibitors.

IMERSs for chemical synthesis

Enzymes are useful for synthesis of fine chemicals, production of agrochemicals and
pharmaceuticals.®>*®! In order to employ enzymes in bioprocesses a number of limitations such
as enzyme stability, difficulty in separating the product from the catalyst and the inherent
difficult of re-using the catalyst must be overcome. These disadvantages can be alleviated by
using IMER systems that provide enzymes immobilized into, or onto, a solid support. The
resulting immobilized catalysts are heterogeneous and can be readily separated and recovered;
increasing the commercial feasibility of enzyme-based reactions. Separation of products
downstream of the process can raise production costs considerably and in this area, the
development of continuous flow reaction systems has seen a critical input to improving
technology. IMERSs have now been developed by a number of groups and demonstrated as a
viable alternative to conventional synthesis. The immobilization of subtilisin Carlsberg to fumed
silica, for example, was used within a continuous packed-bed reactor for transesterification
reactions in hexane.”! In the following section, examples of catalysis using IMER systems are

chosen to exemplify the application to chemical synthesis.
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Preparation of penicillin analogues

Penicillin G acylase (PGA) enzymes catalyze the cleavage of the acyl-chain of penicillins
to produce 6-aminopenicillanic acid; providing a commodity product at a scale of 20,000 tons
per annum. The enzyme has very broad substrate specificity with utility to the production of
semi-synthetic penicillins and B-lactam antibiotics.”®°! The enzyme can resolve racemic
mixtures of chiral compounds with excellent stereochemistry for a range of substrates. The
catalytic versatility of the enzyme has been extended by immobilizing PGA onto
chromatography supports and using the enantiomeric selectivity of the enzyme to resolve
racemic mixtures.™®” Immobilization onto supports with various pore sizes and functionalities
were recently compared for the development of a PGA-IMER using two preparation methods: 1)
immobilizing the enzyme and then packing the immobilized catalyst into a column (batch)
versus ii) immobilizing the enzyme within a pre-packed column (in-situ). Despite the high
loading capacity observed with batch preparation (87 mg enzyme g™ support), a loss of activity
was observed upon packing and in-situ techniques provided optimal performance in comparison.
Immobilization via the amino groups of the enzyme showed retention of activity, whereas
enzyme activity was abolished when the enzyme was attached via its carboxyl groups.**
Microparticulate epoxy-silica supports showed high enzyme loading but the efficiency was
greatly superseded by single phase porous silica monoliths where ~250 mg of protein could be
loaded to a single column. Using the optimized system, PGA-IMERs were integrated with an
liquid chromatography system to determine the PGA-catalyzed hydrolysis of esters. In addition,
the resulting column acted as a chiral stationary phase for screening of substrate analogues and
non-steroidal anti-inflammatory drugs.®? Further downstream chiral separation led to precise
determination of enantioselectivity in the synthesis of 2-aryloxyalkanoic acid methyl esters and a

variety of substrate analogues.[**”
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Lipase-catalyzed conversions

Lipases are one of the most versatile and hence widely exploited groups of enzymes in
biocatalysis.'*1%! In the previous section we noted that PGA can be utilised to synthesize 2-
aryloxyalkanoic acid methyl esters. A similar report utilizes a lipase from Candida rugosa for
racemic separation of 2-aryloxyalkanoic acids, analogous methyl esters and non-steroidal anti-
inflammatory drugs.%! Lipase based IMERs were produced by i) physical adsorption of lipase
to a silica (RP18) stationary phase and by ii) covalent immobilization of lipase via activating
agents on aminopropyl-functionalized silica. Immobilization yield by physical adsorption was
high but unstable due to weak hydrophobic interactions which allowed the enzyme to leach from
the IMER over time; particularly in the presence of solvent. Covalent immobilization eliminated
the leaching problems, allowing for chromatographic separation and collection of products for
off-line enantioselective analysis.

Lipase from Candida rugosa was immobilized to silica gel with relatively low loading
capacity (1.9 mg protein g™ support) but good recovery of activity (~37%) and used as a packed-
bed IMER to catalyze the racemic resolution of (S)-ketoprofen from its constituent enantiomers.
The optically pure (S)-isomer was obtained with >99% ee at a conversion rate of ~30% and a
productivity rate of 1.5 mg g biocatalyst h™. (S)-ketoprofen is a non-steroidal antiflammatory
drug used to reduce inflammation and relieve pain; the (R)-isomer has no activity.M %1 By
comparison, 2-phenoxypropionic acids and their esters are used as herbicides; in this case, the
(R)-isomers are biologically active. Lipase from Candida rugosa was again immobilized to silica
beads and used as a packed-bed reactor for the continuous racemic resolution of 2-(4-

chlorophenoxyl) propionic acid (46% ee).[*?!

18



Silica-IMERs

Conversion of nitroarenes

One advantage of immobilizing enzymes is the ability to utilize a biocatalyst in non-
physiological environmental conditions. The combination of a metal and a biocatalyst, for
example, would ordinarily not be feasible due to the disparate reaction conditions required for
optimal activity. An IMER containing biosilica-immobilized hydroxylaminobenzene mutase
(HABM) was developed using a simple fluidized-bed design and integrated with a packed-bed
reactor containing zinc for conversion of nitrobenzene to o-aminophenol with ~90% conversion
efficiency during continuous operation over a period of 24 hours. The HABM-IMER system also
proved amenable to the formation of a novel homologue of the antibiotic, chloramphenicol
(Figure 6).5%! The system can operate at flow rates of the order of milliliters per minute (for large
scale catalysis) but can be reduced in scale to microfluidic formats with flow rates of only
microlitres per hour (more suited to screening). A microfluidic HABM-IMER was used in
conjunction with an additional microfluidic IMER connected in series that contained biosilica-
immobilized soybean peroxidase for the synthesis of 2-aminophenoxazin-3-one; an intermediate

in the synthesis of actinomycin antibiotics (Figure 6). °®!

IMERSs as biosensors

The majority of drug interactions rely on reversible inhibitors of enzyme activity.
Irreversible enzyme inhibitors, however, can often cause drastic effects upon metabolic functions
and are the mechanism of action of many poisons and potent neurotoxins. Ricin, for example, is
a potent protein toxin found in castor oil beans. Ricin is an irreversible inhibitor that functions as
a glycosidase and inactivates ribosomes so specifically that fewer than ten castor oil beans is

sufficient for severe cytotoxicity and potential fatality.****4l As such, ricin and other
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neurotoxins also find application as terrorist threat agents. One area of research applicable to
IMERSs has been the development of biosensor systems to screen irreversible inhibitors despite
limitations that are inherent to this type of system; such as enzyme reactivation. Although a close
correlation between biosensors and IMERs may seem apparent, according to the strict IUPAC
definition of a biosensor, an IMER by itself is not a biosensor. A biosensor is defined as ‘a
device that uses specific biochemical reactions mediated by isolated enzymes, immunosystems,
tissues, organelles or whole cells to detect chemical compounds, usually by electrical, thermal or
optical signals’.™! The integration of an IMER with a detection system may therefore lead to
the development of a biosensor but IMERS are essentially bioreactors rather than biosensors as
the biological component is distinct from the physical transducer.**4 The distinction, however,
is not always evident and examples of biosensors/IMER combinations can be found within the
literature. A number of examples of such are included in a review by Fishman et al.'**®! The
IMER containing biosilica-immobilized BuChE described earlier for screening the drug potency
of cholinesterase inhibitors, for example, was also integrated with an aerosol collection system to
develop a biosensor for the detection of organophosphate nerve agents in air.®® The system was
tested with model organophosphates including paraoxon, demeton-S and malathion. The
substrates are all potent inhibitors of BUChE and as such, the BuChE-IMER required reactivation
with pyridine-2-aldoxime following every test sample in order to maintain enzymatic activity
over repeated use. Despite the inherent limitations, the system proved suitable for detection of

organophosphates in air at practical detection limits.>

Conclusions and Future considerations

The application of silica-based IMERSs clearly offers practical advantages, providing

enzyme reactions that can undergo repeated interrogation or continuous use. The scalability of
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the process is an obvious advantage, allowing for large-scale systems applicable to continuous
large-scale synthesis, and also to small-scale microfluidic systems that are more suited to
preliminary screening. In addition, the IMER process has been shown to be adaptable to a mix
and match design in which individual IMER units can be rearranged to change the series of
catalytic events, and hence, the product. Coimmaobilization of enzymes either in a combined
system, or individually as single sequential units will allow for development of complex catalytic
sequences. Biologically-derived silica (biosilica) provides a feasible and versatile alternative
method for forming a silica matrix that acts as an excellent scaffold for enzyme encapsulation.
The biosilica reaction is rapid and simple with high loading capacities and high mechanical
stability that has been used in applications such as screening enzyme-drug interactions and for
the synthesis of novel chemicals and antibiotic intermediates. The application of IMER
technology will doubtless continue, as enzyme immobilization techniques and support matrices

continue to be developed.
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Table 1. Comparison of IMER preparation methods utilizing cholinesterase enzymes

*The monolith columns included in this table are not silica based but are included for reference and comparison.

tStability is cited as activity remaining following the time period given

*Potentiometric detection, "Conductimetric detection, (-) not applicable or not reported, (ID) internal diameter,

acetylcholinesterase (AChE), butyrylcholinesterase (BuChE)

Monolith disks* Packed Biosilica Epoxide- Silica-gel
Silica Silica
Enzyme Human Human Human Equine Human Electric-
AChE AChE AChE BuChE AChE eel AChE
Column matrix EDA-CIM Epoxy-CIM  Silica gel, Biosilica Epoxide silica  Silica gel
disk disk (40 pm, coated gel (5 um, (40-63
300A) agarose beads  200A) um, 60A)
Dimensions 3x12 mm 3x12 mm 3x35 mm 25x20 mm 50x4.6 mm 3x0.31 cm
(ID)
Immobilization In situ In situ Batch In situ In situ Batch
Immobilization 3% 3% 29% ~100% 25% -
efficiency
Stability?t <30% ~80% ~80% 100% 70% Reused 2 —
(2 mos.) (2 mos.) (2 mos.) (15 h) (4 mos.) 7 times
Flow Rate (ml/min) 0.2-1.4 02-14 02-14 05-3.0 0.1 0.25-1.0
Analysis time (min) 5 5 5 10 20 35-45°
31-37°
Bed volume (mL) 0.34 0.34 0.06 5.0 - -
Immobilized 0.18+0.01 0.2240.01 4.35+0.01 ~160 63 1507, 200°
enzyme (U)
Reference [73] 1173] [73] [35] [74] [75]
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Figure 1. Use of silica-immobilized enzyme reactors

Source: Scopus keyword search for silica immobilized enzyme reactors in title, abstract and
keywords; categorized by year (bar chart) and subject area (inset pie chart).

Figure 2. Preparation of IMERs using biologically-synthesized silica

A mixture of a silica-precipitating peptide and hydrolyzed tetramethylorthosilicate rapidly forms
silica in aqueous solution (a), producing a network of silica nanospheres of ~500 nm (b). The
particles can be attached to large agarose beads (c) by metal affinity binding; by adding six
histidine residues to the peptide (d). Figure adapted from Journal of Chromatography B, 2006,
843(2), 310-316.5

Figure 3. Screening of a cholinesterase inhibitor on a BUChE-IMER

Chromatograms showing subsequent injections to a BUChE-IMER of butyrylthiocholine at
saturating substrate concentration (a), with 1mM tacrine inhibitor (b) and again with
butyrylthiocholine at saturating substrate concentration (c)

Figure 4. Pathway for dopamine metabolism

Dopamine B-hydroxylase (DBH), Phenylethanolamine N-methyltransferase (PNMT)

Figure 5. Silica-immobilized nitroreductase IMER

Schematic of the IMER containing silica-encapsulated nitroreductase inside a stainless steel
microreactor (specifications shown) and operational stability of the resulting column for the
conversion of nitrobenzene (100 uM) at 5 pl/min. Figures reprinted with permission from

Biomacromolecules, 2006, 7, 2631-2636. 1 Copyright 2006 American Chemical Society.

Figure 6. Enzyme catalyzed conversion of nitroarenes
Hydroxylaminobenzene mutase (HABM), Soybean peroxidase (SBPO)
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Figure 4.
OH OH H
HO NH R NH HO N
_— _—
PNMT
HO DBH HO HO
Dopamine L-Norepinephrine L-Epinephrine

(R=OH)

27



Figure 5.

Substrate conversion (%)

100 4

-y
o
1

g

[ ]
(4]
L

40
Time (h)

Silica-IMERs

2 cm x 2 mm column body

— —
Sample collection Syringe pump

® NbzA

28



Silica-IMERs

Figure 6.
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